The balance of myeloid populations and lymphoid populations must be well controlled. Here we found that osteopontin (OPN) skewed this balance during pathogenic conditions such as infection and autoimmunity. Notably, two isoforms of OPN exerted distinct effects in shifting this balance through cell-type-specific regulation of apoptosis. Intracellular OPN (iOPN) diminished the population size of myeloid progenitor cells and myeloid cells, and secreted OPN (sOPN) increase the population size of lymphoid cells. The total effect of OPN on skewing the leukocyte population balance was observed as host sensitivity to early systemic infection with Candida albicans and T cell-mediated colitis. Our study suggests previously unknown detrimental roles for two OPN isoforms in causing the imbalance of leukocyte populations.
A r t i c l e s Skewing the population balance of myeloid cells and lymphoid cells affects immune responses. Thus, the hematopoietic process is tightly controlled. In contrast to steady-state hematopoiesis, physiological insults that require an acute supply of leukocytes temporarily alter patterns of hematopoiesis. Such demand-adapted hematopoiesis is observed during severe infection, inflammation and irradiation, and myelopoiesis becomes highly active to compensate for the loss of myeloid cells [1] [2] [3] [4] . This response is called 'emergency myelopoiesis' (or 'emergency granulopoiesis' , especially for the acute generation of neutrophils). Emergency granulopoiesis is triggered by activating pattern-recognition receptors, reactive oxygen species and cytokines, such as IL-6, GM-CSF, G-CSF and others [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Decreasing cell density via depletion of neutrophils can also promote granulopoiesis in the bone marrow (BM) 10 . Lymphocytes use mechanisms that are distinct from those used by myeloid cells for regulating their population size, and a normal immune system maintains an optimal balance of myeloid cells and T cells.
OPN is a phosphorylated glycoprotein expressed in various tissues and cell types. OPN controls various immune responses and is involved in the pathogenesis of a wide variety of diseases [11] [12] [13] [14] [15] [16] [17] . OPN is expressed by BM stroma cells 18 and negatively regulates the stem-cell pool size and the function of Lin − Sca-1 + c-kit + (LSK) cells, including hematopoietic stem cells [19] [20] [21] . However, the effect of OPN on myeloid or lymphoid progenitor cells has not been explored.
OPN exists as two isoforms: secreted OPN (sOPN) and intracellular OPN (iOPN). These have distinct functions due to their localization 22 . The majority of OPN studies have focused on sOPN, which interacts with receptors such as integrins and CD44. In contrast, iOPN was found as a product of alternative translation 23 ; it resides in the cytoplasm and occasionally in the nucleus. iOPN functions as an adaptor or scaffold protein in signal-transduction pathways, as well as in stabilizing other intracellular proteins 11, 13, 14, 24, 25 . Although sOPN in the hematopoietic-stem-cell niche in the BM negatively regulates the proliferation of hematopoietic stem cells 19, 20 , the role of iOPN in hematopoiesis is entirely unknown.
In this study, we found that OPN skewed the balance of cell populations toward a decrease in myeloid populations and an increase in lymphoid populations. However, this happened only during demandadapted myelopoiesis (elicited by stimuli such as irradiation and systemic fungal infection) and the population expansion of lymphoid cells in lymphopenic recipient mice. We found that iOPN was responsible for the negative regulation of myelopoiesis. In contrast, sOPN enhanced the population expansion of lymphoid cells. Thus, the two different OPN isoforms had distinct roles but, as a total, worked together to decrease the abundance of myeloid progenitor cells and increase the abundance of lymphoid cells during demand-adapted myelopoiesis and the population expansion of lymphoid cells in lymphopenic hosts.
RESULTS

Cell-population balance in irradiated mixed-BM chimeras
In naive mice, OPN deficiency did not affect the number of total splenocytes, total BM cells, lineage-negative (Lin − ) progenitor cells or differentiated leukocytes in the BM 19, 26 , or the composition A r t i c l e s of BM progenitor cells or differentiated leukocyte populations ( Supplementary Fig. 1a-e ). Moreover, we identified no effect of OPN on the proportion of embryonic progenitor populations in fetal liver from embryonic littermates (at embryonic days [13] [14] [15] ) from breeder mice heterozygous for the gene encoding OPN (Spp1 +/− mice) ( Supplementary Fig. 1f,g) .
Next we investigated whether OPN affected the cell-population balance in mixed-BM chimeras generated by the transfer of wild-type and Spp1 −/− BM cells into irradiated host mice ( Supplementary Fig. 2a,b) . The concentration of serum OPN (i.e., sOPN) in the chimeras was comparable to that in naive wild-type mice (Supplementary Fig. 2c ). At 7 weeks after the transplantation of BM cells, Spp1 −/− donor cells had larger myeloid-cell populations and smaller lymphoid-cell populations in multiple organs, including the BM, spleen, blood, mesenteric lymph nodes (MLNs), liver and lungs, relative to the size of those populations among their wild-type donor counterparts (Fig. 1a,b) . Spp1 −/− donor cells had larger populations of multipotent progenitors (MPPs), common myeloid progenitors (CMPs) and granulocyte-macrophage progenitors (GMPs), but a slightly smaller population of common lymphoid progenitors (CLPs), relative to the size of those populations among their wild-type donor counterparts ( Fig. 1c,d) . To confirm the BM-cell-transfer results, we also used mixed (wild-type and Spp1 −/− ) LSK cells for transfer ( Supplementary Fig. 2d,e ) and again found that the Spp1 −/− CMP and GMP populations were larger than their wildtype counterparts (Fig. 1e) . Furthermore, we ruled out the possibility of differences between transferred Spp1 −/− cells and wild-type cells in their homing to the BM, as shown by the similar donor-cell ratio (1:1, wild-type to Spp1 −/− ), before and 6 d after cell transfer, among hematopoietic-stem-cell and progenitor populations (Lin − c-kit + ), the LSK population (including hematopoietic stem cells and MPPs), and the Lin − c-kit + Sca-1 − population (including megakaryocyte-erythroid progenitors, GMPs and CMPs) in the BM of host mice (Fig. 1f ). Together these results indicated that in irradiated recipient mice, cell-intrinsic OPN expression in hematopoietic progenitor cells was sufficient to diminish the size of myeloid progenitor populations.
OPN limits emergency granulopoiesis
Peritoneal injection of thioglycollate diminished the neutrophil population in the BM within 12 h, with recovery by 70 h ( Supplementary  Fig. 3a) . At 24 h after injection, the CMP and GMP populations were significantly larger and proliferated in the BM, while such activity was not observed for CLPs ( Supplementary Fig. 3b,c) . These observations reflected emergency granulopoiesis after injection of thioglycollate.
In the setting of thioglycollate injection, Spp1 −/− mice again had more GMPs and neutrophils in the BM at 24 h after injection than did wild-type mice ( Fig. 2a,b) . Here, wild-type mice and Spp1 −/− mice showed similar kinetics in the decrease in BM neutrophils and number of neutrophils recruited into the peritoneal cavity in the first 12 h ( Supplementary Fig. 3d,e ), which suggested that OPN might not affect the egress and migration of BM neutrophils. However, the enhanced GMP cellularity in Spp1 −/− BM and apparently more neutrophils in the BM suggested that OPN downregulated granulopoiesis, while the effect of OPN on CLPs and B cells was minimal in the BM ( Fig. 2a,b) . Thus, OPN selectively regulated granulopoiesis by diminishing the GMP population.
Although the concentration of serum OPN was increased during the first 24 h after thioglycollate injection ( Supplementary Fig. 3f ), the abundance of Spp1 mRNA in GMPs was temporarily reduced (Fig. 2c) . On the basis of the enhanced outcome of myelopoiesis in Spp1 −/− mice ( Fig. 1) , we hypothesized that the temporary decrease in OPN expression in GMPs positively affected the enhanced myelopoiesis, and we set out to determine what downregulated the OPN expression in the myeloid progenitor cells during emergency granulopoiesis. Here, we first evaluated cell density, because we reasoned that massive egress of cells from the BM by acute inflammation reduced the cell density in the stem-cell niche ( Fig. 2d) . To recapitulate a high-cell-density condition ex vivo, we plated GMPs in a round-bottomed plates, in which cells are crowded at the bottom of wells. Indeed, GMPs in a round-bottomed plate had higher expression of Spp1 mRNA than that of GMPs in a flat-bottomed plate ( Fig. 2e) . For further evaluation, we used BMderived macrophages (BMMs), because of the paucity of GMPs. With BMMs, we confirmed that Spp1 expression depended on cell density in a dose-dependent manner (Supplementary Fig. 3g ). Spp1 expression positively correlated with cell density, while expression of Tnf, Il6, Il10 and Cxcl1 (genes encoding cytokines and chemokines) was negative correlated with cell density (Supplementary Fig. 3h ).
Hippo signaling induces OPN
To investigate how cells sense cell density to regulate Spp1 expression, we first assessed the involvement of soluble factors by comparing BMM culture supernatants from round-bottomed plates with those from flat-bottomed plates. We used these supernatants as conditioned medium for the culture of fresh BMMs. However, we found no difference between cells in their expression of Spp1 (Supplementary Fig. 3i ). Then, we evaluated a signaling pathway activated by cell-cell contact: the Hippo pathway [27] [28] [29] . We found that BMMs cultured in roundbottomed wells had more OPN protein than that of cells cultured in flat-bottomed plates, accompanied by activation of Mst1 and Mst2, critical signaling molecules in the Hippo pathway 30 (Fig. 2f) . Inhibition of Mst1 and Mst2 abolished the cell-density-mediated upregulation of Spp1 expression ( Fig. 2g) , which suggested that Hippo signaling induced OPN expression. Blockade of E-cadherin, a molecule known to trigger the Hippo pathway 29 , decreased Spp1 expression at least partially in BMMs plated in round-bottomed wells (Supplementary Fig. 3j ). Treatment with thioglycollate or systemic infection with Candida albicans induced E-cadherin expression, and blockade of E-cadherin also prevented the cell-density-mediated upregulation of Spp1 expression in GMPs ( Fig. 2h,i) . Thus, high cell density increased Spp1 expression through the Hippo pathway.
We next evaluated whether inflammatory stimuli downregulated Spp1 expression by stimulating GMPs with the cytokines TNF, G-CSF or GM-CSF or with lipopolysaccharide, all of which are known to promote granulopoiesis, but none of these greatly decreased Spp1 expression in GMPs (Fig. 2j) . Then, we evaluated whether the egress of cells from BM without inflammation downregulated Spp1 expression. Treatment of mice with an antagonist of the chemokine receptor CXCR4 decreased the total number of BM cells and Spp1 expression in GMPs ( Supplementary Fig. 3k,l) . Although factors other than cellularity in the BM might also have been involved in this downregulation of Spp1 mRNA, these results suggested that the decrease in Spp1 mRNA in vivo required low cell densities in the BM.
Emergency myelopoiesis during systemic C. albicans infection
Emergency granulopoiesis serves an important role in protecting hosts from systemic infection with fungi such as C. albicans 31, 32 by quickly generating neutrophils, which are critical for fungal clearance at an early stage of infection. Infection with C. albicans enhanced the proliferation of CMPs and GMPs and increased their population size, while CLPs did not respond as CMPs and GMPs did ( Supplementary Fig. 3c,m) .
Here, we hypothesized that OPN was detrimental at an early stage of systemic infection with C. albicans because OPN restricted emergency granulopoiesis. Indeed, the survival of wild-type hosts was significantly A r t i c l e s worse than that of Spp1 −/− hosts at 24 h after infection with C. albicans (Fig. 2k) , with a greater fungal load in the kidneys and spleen of wild-type hosts than in that of Spp1 −/− hosts ( Fig. 2l and Supplementary Fig. 3n) , as well as a sign of enhanced tissue damage in the former (Fig. 2m) . Infected wild-type mice had fewer neutrophils and Ly6C + monocytesmacrophages than did Spp1 −/− mice, while lymphoid-cell populations were not altered in wild-type mice relative to those in Spp1 −/− mice ( Fig. 2n) . Wild-type mice also had a smaller GMP population than that of Spp1 −/− mice without an effect on the size of the MPP, CMP or CLP population ( Fig. 2o,p) . Here, no difference between wild-type mice and Spp1 −/− mice was found in major anti-fungal responses, including serum TNF, neutrophil chemoattractants (CXCL1 and CXCL2) or the expression of cytokines and chemokines in renal neutrophils or macrophages, or in cell-intrinsic functions, such as phagocytosis or the fungicidal activity of neutrophils or BMMs (data not shown). Together these results suggested that OPN was detrimental at an early stage of acute candidemia due to restricted emergency granulopoiesis.
Effect of OPN on MPPs at the single-cell level
Since MPPs are a small and highly defined population, we analyzed the gene-expression patterns of MPPs at the single-cell level. At 24 h after injection of thioglycollate, we sorted MPPs by flow cytometry from the BM of wild-type and Spp1 −/− mice and submitted them for single-cell sequencing ( Supplementary Table 1 ). A reduction in dimensionality by t-SNE analysis ('t-distributed stochastic neighbor embedding') indicated that Spp1 −/− MPPs had a plot distribution distinct from that of wild-type MPPs (Supplementary Fig. 4a,b ). Next we normalized the two sets of data (wild-type and Spp1 −/− ) by sequencing depth and overlaid those results on a t-SNE plot ( Fig. 3a and Supplementary Fig. 4c ), which generated ten distinct clusters ( Fig. 3b and Supplementary Fig. 4d ). Each cluster was dominated by either wild-type cells or Spp1 −/− cells ( Fig. 3c,d) . Expression of Birc5 (which encodes the apoptosis inhibitor survivin) was high in certain clusters, particularly those consisting of Spp1 −/− MPPs, such as clusters 1, 6, 7 and 8 ( Fig. 3b,e ). 10 2 0 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 A r t i c l e s 
A r t i c l e s
Next we sought to determine whether OPN negatively regulated myelopoiesis and increased lymphopoiesis, by an ex vivo cell differentiation assay 33 . This assay is also single-cell based, as it involves the plating of one cell per well to observe development into granulocytesmacrophages and/or B cells ( Fig. 3f) . Significantly more Spp1 −/− MPPs than wild-type MPPs included unipotent myeloid progenitor cells (granulocyte-myeloid cell only; Fig. 3g ). In addition, 'plating efficiency' (i.e., how many single MPPs survived in tissue culture) was high in Spp1 −/− MPPs (Fig. 3h) , which reflected the high Birc5 expression in Spp1 −/− dominant clusters (Fig. 3e) . These results also indicated better survival of MPPs without OPN.
OPN and apoptosis in myeloid versus lymphoid progenitors
We sought to determine how OPN inhibited emergency myelopoiesis. The expression of genes encoding transcription factors critical for the developmental dichotomy in the differentiation of MPPs into either lymphoid progenitor cells or myeloid progenitor cells (Ikaros, Spi1, Notch1, Notch2, Gata2, Flt3, Pbx1, Scl, Hoxb3 and Hoxb4) was similar in wild-type MPPs and Spp1 −/− MPPs, after injection of thioglycollate ( Supplementary Fig. 4e ). OPN also did not affect the proliferation of CMPs, GMPs or CLPs as determined during emergency myelopoiesis induced by thioglycollate ( Supplementary Fig. 5a,b) . Therefore, we next investigated whether OPN affected apoptosis of the hematopoietic progenitor cells. At steady state, OPN had no effect on the apoptosis of CMPs, GMPs or CLPs (Supplementary Fig. 5c,d) . However, in chimeras generated by the transfer of wild-type or Spp1 −/− BM cells into irradiated wild-type host mice ( Supplementary Fig. 5e ), CMPs and GMPs in recipients with wild-type donor cells underwent significantly greater apoptosis than did those in recipients with Spp1 −/− donor cells, but CLPs did not ( Fig. 4a,b) . A similar pattern (promotion of apoptosis of CMPs and GMPs, but not of CLPs, by OPN) was observed in mice given intraperitoneal injection of thioglycollate ( Fig. 4c,d ) or systemic infection with C. albicans (Fig. 4e) . In contrast, the apoptosis of differentiated myeloid cells, such as neutrophils A r t i c l e s and monocytes, was not affected by OPN ( Supplementary Fig. 5f,g) , which suggested that the pro-apoptotic role of OPN was restricted to myeloid progenitor cells. Just as Birc5 transcripts were identified by single-cell sequence analysis (Fig. 3e) , GMPs from wild-type mice showed lower expression of Birc5 than that of GMPs from Spp1 −/− mice at 15 h after infection with C. albicans (Fig. 4f) . Notably, the expression of Birc5 was similar in wild-type CLPs, Gr-1 + cells and B cells in the BM and their Spp1 −/− counterparts ( Fig. 4g and Supplementary  Fig. 5h ). Upregulation of survivin expression in Spp1 −/− GMPs was also confirmed at the protein level ( Fig. 4h) .
Since OPN did not affect the apoptosis of lymphoid progenitor cells ( Fig. 4a-e ), we investigated whether differentiated lymphoid cells were affected by OPN. In BM chimera generated as described above (Supplementary Fig. 5e ), the apoptosis of T cells and B cells was inhibited in the presence of OPN (Fig. 4i,j) . Even at steady state, the apoptosis of B cells was inhibited slightly by OPN ( Supplementary  Fig. 5i) . In contrast, OPN did not alter lymphocyte proliferation in those chimeras (Supplementary Fig. 5j,k) . Thus, OPN had an antiapoptotic role in differentiated lymphoid cells in peripheral lymphoid organs. This result indicated a contrast in OPN's roles: OPN was proapoptotic in myeloid progenitors but anti-apoptotic in differentiated lymphoid cells.
Apoptosis of donor lymphocytes in lymphopenic recipients
The number and proportion of wild-type CD4 + T cells was significantly higher than that of Spp1 −/− CD4 + T cells during chronic lymphopeniainduced proliferation (cLIP) 34 , for which naive T cells were transferred into Spp1 −/− mice lacking mature T cells and B cells (Spp1 −/− Rag1 −/− mice) ( Fig. 5a,b) . Despite the comparable proliferation of wild-type donor CD4 + T cells and Spp1 −/− donor CD4 + T cells (Fig. 5c,d) , wild-type cells were less prone to apoptosis than were Spp1 −/− cells (Fig. 5e,f) . We obtained similar results for T cells transferred into OPN-sufficient Rag1 −/− recipients (Supplementary Fig. 6a-d) , which suggested that the donor T cell-derived OPN protected T cells from apoptosis. Systemic OPN levels reflected recipient-derived OPN (Supplementary Fig. 6e) ; thus, either T cell autocrine OPN or iOPN within T cells could in principle inhibit T cell survival.
Because T cell population expansion during cLIP is mediated by gut commensal microbes 35 , we first investigated if CD4 + T cells from wild-type mice (i.e., polyclonal cells) underwent proliferation ex vivo via total MLN cells without the provision of exogenous antigens (Supplementary Fig. 6f ). T cells proliferated and survived better with MLN cells than without MLN cells or with splenocytes ( Supplementary Fig. 6g ). In this ex vivo system, wild-type CD4 + T cells also proliferated better than Spp1 −/− CD4 + T cells did and were A r t i c l e s significantly protected from apoptosis, which resulted in an increased abundance of live and divided wild-type T cells ( Fig. 5g-i) . Notably, the survival of Spp1 −/− CD4 + T cells was restored, at least partially, by the provision of recombinant OPN in the cell culture ( Fig. 5g,h) , which suggested that the anti-apoptotic function of OPN was mediated by sOPN. In contrast, OPN did not affect the apoptosis or proliferation of T cells after strong stimulation of the T cell antigen receptor with antibody to CD3 plus antibody to CD28 ( Supplementary  Fig. 6h,i) . These results indicated that sOPN supported the survival of activated T cells but not with strong stimulation via the T cell antigen receptor. We also found that B cell-derived OPN significantly increased the frequency and number of B cells after they were transferred into Rag1 −/− lymphopenic recipient mice (Fig. 5j,k) . Since B cells generally do not proliferate without T cells, this system without T cells evaluates B cell survival rather than proliferation. Together these results indicated that OPN expressed in T cells or B cells promoted survival of the cells and that sOPN seemed to be sufficient for this effect.
OPN exacerbates T cell-mediated colitis
Colitis was induced in Rag1 −/− and Spp1 −/− Rag1 −/− recipient mice by the transfer of CD62L hi CD4 + T cells from naive wild-type and Spp1 −/− mice. First, the involvement of OPN derived from donor and recipient was identified by recipient weight changes (Fig. 6a) , and the following data indicated a greater effect of donor OPN than of recipient OPN. The increase in colon weight per unit length, a sign of colitis severity, was mediated by OPN expressed by donor T cells (Fig. 6b,c) . Here, not only did wild-type T cells migrate to the colon more efficiently than Spp1 −/− T cells, but wild-type myeloid cells also did so (Fig. 6d) . This phenotype depended entirely on OPN expressed by the donor T cells (Fig. 6d) .
In the presence of OPN in donor T cells, the proportion of helper T cell subsets that infiltrated the colon was skewed toward the T H 1 subset, with a smaller proportion of regulatory T cells (Fig. 6e) . The number of total cells and CD4 + T cells in the MLNs also shared a trend similar to that seen in the colon (Fig. 6f-h) , as well as a general increase in the number of most of helper T cell subsets and myeloid cells in the colon, after the transfer of wild-type T cells (Supplementary Fig. 6j,k) . 
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A r t i c l e s
These results further linked donor T cell-derived OPN and severe pathological features of colitis, such as immune-cell infiltration, thickened mucosal and submucosal layers, and disappearance of goblet cells (Fig. 6i) . It is of note that OPN in donor T cells and in recipients did not affect the expression of integrins, gut-homing receptors or T cellactivation markers (Supplementary Fig. 6l,m) . Together with the cLIP results, these findings indicated that T cell-derived sOPN contributed to the increase in T cells and substantially exacerbated colitis.
iOPN does not enlarge lymphoid-cell populations
The activation of CD4 + T cells enhanced the production of both sOPN and iOPN (Fig. 7a,b) . Thus, we evaluated the involvement of iOPN by generating LSL-iOPN (LSL fl/fl -∆45Spp1;Vav1-cre) mice, which express iOPN but not sOPN due to deletion of the signal sequence (via deletion of 45 nucleotides in Spp1 encoding the signal sequence of OPN) that targets OPN to secretory vesicles (Supplementary Fig. 7a ). The clones of embryonic stem cells that successfully expressed the target allele were identified by Southern blot analysis, and deletion of the signal sequence was confirmed in LSL-iOPN mice ( Supplementary  Fig. 7b,c) . The level of cytoplasmic iOPN separated by density gradients 23 was comparable in LSL-iOPN mice and wild-type mice (Supplementary Fig. 7d) . Notably, serum from LSL-iOPN mice and culture supernatants of LSL-iOPN cells were free of OPN; i.e., they lacked sOPN (Supplementary Fig. 7e,f) . 
A r t i c l e s
Using CD4 + T cells from the LSL-iOPN mice, we assessed cLIP on day 6 ( Fig. 7c,d ) and day 28 (Fig. 7e) . The number and proportion of CD4 + T cells was comparable in recipients that received Spp1 −/− T cells and those that received LSL-iOPN T cells, but recipients of wild-type T cells had a greater number and proportion of CD4 + T cells than either of those recipients ( Fig. 7c-e) ; this suggested that sOPN enhanced the population expansion of T cells during cLIP. Furthermore, apoptosis of LSL-iOPN CD4 + T cells and of Spp1 −/− CD4 + T cells was similarly more frequent than that of wild-type CD4 + T cells (Fig. 7f) , which again suggested involvement of sOPN. That result also confirmed the ex vivo results demonstrating that sOPN, not iOPN, protected T cells from apoptosis (Fig. 5g,h) . LSL-iOPN CD4 + T cells induced extremely mild colitis, as Spp1 −/− T cells did, with small numbers of tissue-infiltrated cells and low histology scores (e.g., well-preserved goblet cells) ( Fig. 7g-i) . These results suggested that T cell iOPN was dispensable for the induction of OPN-dependent colitis. We also ruled out the possibility that B cell iOPN was involved in the OPN-mediated increase in B cells (Fig. 7j,k) . In sum, sOPN was responsible for the OPN-mediated survival of lymphocytes and the resulting increase in lymphocyte population sizes.
Fewer myeloid cells via iOPN; more lymphoid cells via sOPN
We generated mixed-BM chimeras by transferring LSL-iOPN and Spp1 −/− donor BM cells into irradiated host mice ( Supplementary  Fig. 2f,g) . At 3 weeks after BM transfer, the proportion of Spp1 −/− MPPs, CMPs and GMPs predominated over that of their LSL-iOPN counterparts ( Fig. 8a) , which indicated involvement of iOPN in restricting the size of the progenitor populations. Differentiated leukocytes were assessed at 7 weeks after BM transfer. Spp1 −/− cells again predominated over LSL-iOPN cells in the neutrophil and Ly6C + monocyte-macrophage subsets, not for T cell or B cell populations (Fig. 8b,c) . When we used wild-type and LSL-iOPN BM cells as donors, we observed no difference in the size of myeloid-cell populations ( Supplementary  Fig. 8a-c) , in contrast to results obtained for chimeras given a mixture of wild-type and Spp1 −/− BM cells (Supplementary Fig. 8d) . These data confirmed that iOPN restricted myeloid-cell development by limiting myeloid progenitor cells but not differentiated leukocytes, while sOPN expanded lymphoid-cell populations.
We further confirmed the effect of iOPN on myelopoiesis by an ex vivo single-cell progenitor-differentiation assay (Fig. 8d) . During WT Spp1 Supplementary Fig. 2f,g) . A r t i c l e s emergency granulopoiesis induced by systemic infection with C. albicans, iOPN (i.e., OPN in wild-type and LSL-iOPN mice) decreased the proportion and number of GMPs and neutrophils in the BM via enhanced apoptosis of CMPs and GMPs (Fig. 8e-h) . Furthermore, iOPN enhanced the activation of pan-caspases (predominantly caspase-1 and caspase-3) 36 and diminished Birc5 mRNA in GMPs (Fig. 8i,j) .
In sum, iOPN decreased myeloid-cell populations and sOPN increased lymphoid-cell populations.
DISCUSSION
Published reports have shown that OPN decreases the pool size of LSK cells in the homeostatic state and after BM-cell transplant 19, 20 .
Our study has suggested, by the following findings, that the function of OPN in GMPs and CMPs is distinct from its function in LSK cells: sOPN decreased LSK cells 19, 20 but iOPN decreased GMPs and CMPs; the increase in LSK cells in OPN deficiency did not affect population size of differentiated leukocytes 19, 20 , but the increase in GMPs in iOPN deficiency resulted in an enlarged population of myeloid cells during emergency myelopoiesis; and non-hematopoietic stroma cells were the source of sOPN that decreased LSK cells, but iOPN in the progenitor cells was attributed to the decrease in myeloid progenitor cells. Thus, although sOPN reduced the population size of LSK cells, the mechanism by which iOPN reduced the abundance of myeloid progenitor cells was different. iOPN served a detrimental function during early infection by limiting the neutrophil supply. This might seem contradictory to a published study demonstrating that iOPN protects hosts from pneumocystis fungal infection 13 . However, major differences in these fungal infection models need to be noted. The pneumocystis study focused on opportunistic and spontaneous infection of lymphopenic hosts and required 10-20 weeks for evaluation of host mortality 13 . During such a long-term infection, emergency myelopoiesis most probably would not apply. Therefore, iOPN seems to be either detrimental or beneficial, depending on the timing and conditions of the fungal infection.
A series of colitis studies have indicated multifaceted roles for OPN. Some studies have concluded that OPN induces immune responses [37] [38] [39] , whereas others have demonstrated that OPN suppresses immune responses [39] [40] [41] . One study provided the insightful suggestion that OPN suppresses immune responses during acute inflammation but not during chronic inflammation 39 . In particular, sOPN has been found to be attributable to chronic colitis 37, 39 ; our data here are congruent with those findings.
An anti-apoptotic function for sOPN has also demonstrated before 42 . In contrast, a pro-apoptotic function for iOPN has not been reported in any cells, to our knowledge. In this study, we demonstrated that iOPN enhanced the apoptosis of GMPs. We evaluated possible involvement of the tumor suppressor p53 in inducing apoptosis by detecting phosphorylated p53, but we found no difference between wild-type GMPs and Spp1 GMPs after infection with C. albicans (data not shown). Instead, we found that OPN enhanced apoptosis through the downregulation of survivin expression and enhancement of pan-caspase activity. On the basis of our results obtained by single-cell analysis, we propose that it is possible that particular MPP subpopulations were particularly regulated by iOPN to advance into myelopoiesis.
In this study, we delineated the roles of sOPN and iOPN in shifting the balance of leukocyte populations after the transplantation of BM cells into irradiated host mice, after fungal infection and in autoimmune colitis. We also found differential regulation of myeloidcell populations versus that of lymphoid-cell populations by distinct OPN isoforms. Thus, iOPN and sOPN coordinately tip the balance of myeloid populations versus lymphoid populations.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
ONLINE METHODS
Animals and reagents.
All the mice in this study were on the C57BL/6J background. Spp1 −/− mice and Vav1-Cre mice were purchased from the Jackson Laboratory. LSL-iOPN mice were created in our laboratory with help from the Duke Transgenic Mouse Facility. Six-to eight-week-old sex-matched wildtype, Spp1 −/− and LSL-iOPN mice were used for all experiments. All the experiments were performed as approved by the Institutional Animal Care and Use Committee at Duke University, and all animals were housed under specific pathogen-free conditions. Readouts of in vivo disease model experiments were quantitatively determined by objective measurements; thus, blinding was not performed. The genotype of the ES cells and the mice was examined by Southern blot and PCR by using following probe and primers (Supplementary Fig. 7a-c) . Probe for Southern blot: tcatttgcattcaatctgagcttgtcagacaaaattattcactttcattttatg agatttctctcatcaatacgcatataatgtagtctgcatacatgtggtagtctgcacacatgtggtagcctgcac acatagggtcgtatgcacacatggagtagtatcacacatgggataatatacccacatggggtagtgtgcac acatgtgttagtgtgtacacatgaggtagtgtgcacatatgttagtatgcatatgtgttaatatgtatagat ggggtagtttgtacacatggggtagtatgcacacatgtgctatatacacacatgtgtgagtgtgcatacat ggggtattatgcacatgtgttagtatgtacatatgggatagtgaacatacatggagtagtctacataca tgtgttagtatacacatatgtggaagccagaggacaagtccaggctttgttcctcctgcgttgtctata tatttttttgagacagggtctttcactggcctggaactcagcaaacaggctaaggcagacagagagtcctga gagtacaactgtctgtacctccccagtgctagaatgacaatgctgagcagt. Primers to detect deletion of 45 nucleotides in exon 2 of Spp1 allele, forward: 5′-ACTTGGTG GTGATCTAGTGGTG-3′, reverse: 5′-AGCAACCTTTGCGACGCTGGCG AAC-3′. Antibodies to CD45 (30-F11), CD45.1 (A20), CD45.2 (104), CD4 (GK1.5), CD3 (145-2C11), CD8 (53-6.7), Ly6G (1A8), Ly6C (HK1.4), CD11b (M1/70), CD11c (N418), CD49b (DX5), TER119 (TER-119), Gr-1 (RB6-8C5), B220 (RA3-6B2), CD19 (6D5), FcγR (93), CD34 (MEC14.7), IL-7R (A7R34), Flt3L (A2F10), Sca-1 (D7), c-kit (2B8), CD16/32 (93), F4/80 (BM8), Ki67 (16A8), E-cadherin (DECMA-1) and BrdU (Bu20a), as well as G-CSF and GM-CSF, were purchased from BioLegend. AMD3100 was purchased from Sigma. XMU-MP-1 was purchased from MedChem Express. To check LDH levels in the serum, the Pierce LDH Cytotoxicity Assay Kit was used.
Tissue-infiltrated-cell analysis by flow cytometry. Lung and liver tissues were cut into small pieces and were incubated in a 1 mg/ml collagenase D solution at 37 °C for 30 min. Cells were then enriched by Percoll gradient (GE Healthcare). After being stained with specific antibodies (identified above), cells were analyzed with a FACSCanto II (BD) and FlowJo software (Treestar). For evaluation of apoptosis, the FITC Annexin V Apoptosis Detection Kit with 7-AAD was used. The gating strategy was as shown in Supplementary  Figure 1a , unless otherwise noted. BM cells were quantified in one tibia and one femur from one of the hind legs.
Real-time PCR and ELISA. Total mRNA were reverse-transcribed to cDNA, and gene-expression levels were determined by the −∆∆Ct method for real-time PCR as previously described 31, 43 , with the primers shown in Supplementary Table 2 . Actb expression was used as an internal control. For Figure 2g Hsp90ab1 was used as an internal control. Results are representative of multiple independent experiments with similar results. In Supplementary  Figures 3g and 4e , error bars (too short to be identified in Supplementary Fig. 3g ) were drawn in the basis of the calculation of RQ-Min = 2 −(∆∆Ct + T × SD(∆Ct)) and RQ-Max = 2 −(∆∆Ct -T × SD(∆Ct)) from triplicate wells, as suggested by a manufacturer of PCR machines (Applied Biosystems). Error bars indicate RQ-MIN and RQ-MAX, which constitute the acceptable error for a 95% confidence limit according to Student′s t-test. ELISA for OPN was performed as previously described 44 .
Experiments with C. albicans. Details of the methods for the experiments with C. albicans have been published 31 .C. albicans infection was performed with sex-matched mice 6-8 week of age by intravenous injection of 2 × 10 6 spores of C. albicans (ATCC 18804). At 15 h or 24 h after infection with C. albicans, cellularity and apoptotic cell ratio in the BM and spleen were assessed by flow cytometry. Host-cell phagocytosis of C. albicans spores was performed as follows. BMMs and thioglycollate-elicited neutrophils were co-cultured with Alexa Fluor 647 (AF647)-labeled C. albicans spores (host cell/spore ratio, 1:1) for 15, 30, 60 or 120 min. Host cells had been stained with anti-CD11b, anti-F4/80 (for macrophages) or anti-Ly6G (for neutrophils) (all identified above) before co-culture set up. Flow cytometry was used for analysis of cells that had phagocytosed C. albicans. For evaluation of fungicidal activity by host cells, BMMs and thioglycollate-elicited neutrophils used for the analyses were co-cultured with live C. albicans at a ratio of 1:10 (conidia/host) (called 'test samples') for 12 h. The negative control culture had C. albicans spores alone. Host cells were lysed with water, and the colony-forming units (CFU) of C. albicans CFU were determined with YPD plates. Results were calculated with the following formulas: C. albicans expansion (fold) = (CFU at 12 h) / (CFU at 0 h); and inhibition of C. albicans expansion (%) = (1 -[CFU of test samples at 12 h] / [CFU of negative control at 12 h]) × 100.
Treating mice with thioglycollate or AMD3100. Wild-type or Spp1 −/− mice were given intraperitoneal injection of 3% thioglycollate (2.5 ml per mouse) or AMD3100 (5 mg/kg mouse weight). GMPs were sorted from BM of the mice at 0, 6, 12, 24 or 48 after the treatment. Spp1 expression in the cells was assessed by qPCR. The number of cells and frequency of PMNs were calculated from flow cytometry data.
Ex vivo single-cell MPP-differentiation assay.
To analyze the differentiation potential of MMPs, single MPP cells were sorted by MoFlo XDP (Beckman Coulter) and plated (one cell per well) in the MEM alpha medium (Life Technologies) containing 20% ES cell-grade FBS (Millipore), SCF (50 ng/ml: BioLegend) and Flt3 ligand (30 ng/ml: BioLegend) on a layer of OP9 cells in 96-well plates as previously described 33 . The OP9 cell line was obtained from ATCC and was confirmed to be free of mycoplasma by the MycoAlert PLUS kit (Lonza). 2 d after cell plating, IL-3 (10 ng/ml; BioLegend), IL-7 (10 ng/ml; BioLegend) and GM-CSF (10 ng/ml; BioLegend) were added to each well to induce cell differentiation. 'Plating efficiency' denotes cell populations successfully expanded in culture, as determined by microscopic observation. Expanded cells were analyzed by flow cytometry to determine whether they developed into either granulocytes-macrophages (GM) (Gr-1 + CD11b + B220 − CD19 − and Gr-1 − CD11b + B220 − CD19 − ) or B cells (Gr-1 − CD11b − B220 + CD19 + ).
Separation of cytoplasmic proteins. Separation was performed by two methods. One used NE-PER Nuclear and Cytoplasmic Extraction Reagents, as instructed by the supplier (Pierce). Another was density gradients. In the latter method, tissues from wild-type, Spp1 −/− and LSL-iOPN mice were homogenized in the homogenization medium (0.25 M sucrose, 1 mM EDTA and 10 mM HEPES-NaOH, pH 7.4), then were mixed with iodixanol as the final concentration of 30%. Homogenates in 30% iodixanol solution (1125 µl) were placed at the bottom, then layered with 25% (wt/vol) of iodixanol solution (2 ml) in the middle and 5% (wt/vol) iodixanol solution (2 ml) on the top. Using the Beckman Ultracentrifuge L9 and Beckman SW40.1 rotor, samples were centrifuged at 35,000 r.p.m. (250,000g) at 4 °C for 3 h. Eight layers fractions were carefully collected from the top to the bottom by pipette. Cytoplasmic compartments were identified by immunoblot analysis. Separation of the cytoplasmic proteins was confirmed by detection of GAPDH, but not calnexin. The cytoplasmic fractions were used to evaluate iOPN expression.
Cell-proliferation analysis. To analyze cell proliferation in vivo, BrdU (10 ml/kg) (Invitrogen) was injected intraperitoneally into mice. 24 h after the injection, cells were obtained from the spleen or BM. After fixation with 2% PFA and permeabilization with 0.5% Triton X-100 in PBS, cells were treated with RQ1 RNase-Free DNase (Promega). Cells were stained with anti-BrdU (identified above), then BrdU incorporation was analyzed by flow cytometry. For experiments in Supplementary Figure 3c , cell proliferation was evaluated by staining for Ki67. BM cells were harvested and stained for cell-surface markers (all antibodies identified above), then they were fixed and permeabilized by incubation with cold 70% ethanol at −20 °C for 1 h. Then, cells were stained with anti-Ki67 (identified above) and analyzed by flow cytometry.
Generation of mixed-BM chimeras.
Mixed-BM chimeras were generated by adoptive transfer of 5 × 10 6 each of BM cells obtained from naive wild-type mice (CD45.1 + CD45.2 + ) mice and Spp1 −/− (CD45.2 + ) mice into lethally irradiated (900 rads) wild-type (CD45.1 + ) mice (as shown Supplementary Fig. 2a ). For LSK cell chimeras, 1 × 10 4 each of LSK cells isolated from wild-type (CD45.1 + )
